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During spinal cord development, oligodendrocytes are generated from a restricted region of the ventral ventricular zone and then spread
out into the entire spinal cord. These events are controlled by graded inductive and repressive signals derived from a local organizing center.
Sonic hedgehog was identified as an essential ventral factor for oligodendrocyte lineage specification, whereas the dorsal cue was less clear.
In this study, Wnt proteins were identified as the dorsal factors that directly inhibit oligodendrocyte development. Wnt signaling through a
canonical h-catenin pathway prevents its differentiation from progenitor to an immature state. Addition of rmFz-8/Fc, a Wnt antagonist,
increased the number of immature oligodendrocytes in the spinal cord explant culture, demonstrating that endogenous Wnt signaling controls
oligodendrocyte development.
D 2005 Elsevier Inc. All rights reserved.Keywords: Oligodendrocyte; Wnt; Dorsal factor; Canonical Wnt/h-catenin pathway; Glial differentiation; Sonic hedgehogIntroduction
Oligodendrocytes (OLs) are the myelin-forming cells in
the central nervous system (CNS). OL development
has been well studied in the spinal cord. In the early0012-1606/$ - see front matter D 2005 Elsevier Inc. All rights reserved.
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by the expression of platelet derived growth factor
receptor a subunit (PDGFRa) and Olig transcription
factors appear in the restricted domain of the ventral
ventricular zone (Lu et al., 2000; Pringle and Richardson,
1993; Takebayashi et al., 2000; Zhou et al., 2000). One
reason for this ventral specific appearance of OL
progenitors was explained by a graded concentration of
the Sonic hedgehog protein (Shh) secreted from the
notochord and floor plate (Orentas and Miller, 1996;
Orentas et al., 1999; Pringle et al., 1996; Poncet et al.,
1996). Shh misexpression by transplantation of notochord282 (2005) 397 – 410
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inhibiting Shh signaling in vivo and in vitro led to a
complete loss of OLs in the spinal cord and forebrain
(Nery et al., 2001; Tekki-Kessaris et al., 2001). In
addition to the Shh signals, we previously reported that
multiple steps of OL development were significantly
inhibited by some activities secreted from the dorsal
spinal cord (Wada et al., 2000). Thus, the finely tuned
balance of regulatory signals from both ventral and dorsal
regions could strictly define a region capable of generat-
ing OL in the spinal cord.
To identify the dorsal inhibitory factors, we examined the
developmental change of the inhibitory activities and
compared that with the expression profile of candidate
genes. The developmental expression profile of several
dorsal Wnt genes showed significant correlation with the
developmental change of the inhibitory activities. Thus, we
focused on Wnt proteins as dorsal inhibitory factor
candidates. Wnts constitute a large family of secreted ligands
that control development. In vertebrates, Wnt signaling
regulates axis formation, organ development, and morpho-
logy (Cadigan and Nusse, 1997; Deardorff et al., 1998;
Huelsken et al., 2000). Numerous Wnt family proteins are
expressed in the CNS and have essential roles in its
development: hippocampus formation (Galceran et al.,
2000; Lee et al., 2000), axonal remodeling and synaptic
maturation (Hall et al., 2000; Yoshikawa et al., 2003),
proliferation and differentiation of neural stem cells (Chenn
and Walsh, 2002; Hirabayashi et al., 2004; Israsena et al.,
2004; Megason and McMahon, 2002), and specification of
dorsal neurons (Gunhaga et al., 2003; Muroyama et al.,
2002; Nordstrom et al., 2002). In this study, we found that
Wnt signaling inhibits OL development. The Wnt/h-catenin
pathway directly prevented a step of OL maturation from
progenitor to immature cells.Materials and methods
Plasmid construction
pCS2-Dickkopf-1 was a kind gift from Dr. Christof
Niehrs (Deutsches Krebsforschungszentrum). pXT7-ECD8
was a kind gift from Dr. Sergei Y. Sokol (Harvard Medical
School). c-myc tag was synthesized and subcloned into
pXT7-ECD8 at XbaI and SpeI restriction sites. ECD8-myc
cDNAwas digested with KpnI and XbaI and subcloned into
pCR3.1 (Invitrogen Co, Carlsbad, CA). The GAP-GFP
fusion cDNA (previously constructed by T.K., Ono et al.,
2001) was subcloned into the retroviral vector of
pHBR209+ (Baba et al., 1997) and named pTKR29gGE+.
The DNA fragment containing HA-tagged constitutively
activated LEF-1/h-catenin cDNA (Vleminckx et al., 1999)
was digested from pCS2+/LEFdNhCTA by BamHI and
XhoI and subcloned into pTKR29gGE+ that was digested
with BamHI and SalI.Antibodies and recombinant proteins
O4 and O1 antibodies were provided by Dr. S.E. Pfeiffer
(University of ConnecticutMedical School, CT). Anti-mouse
Musashi antibody was a kind gift from Dr. Hideyuki Okano
(Keio University School of Medicine, Tokyo, Japan). Mouse
monoclonal anti-nestin antibody (Rat-401) was obtained
from the Developmental Studies Hybridoma Bank (Depart-
ment of Biological Sciences, the University of Iowa, IA).
Rabbit polyclonal anti-GFAP antibody and mouse mono-
clonal anti-PCNA antibody (PC10) were from DAKO
(Glostrup, Denmark). Rat polyclonal anti-PDGFRa antibody
was from BD PharMingen (San Diego, CA). Mouse
monoclonal anti-MAP2 antibody (AP-20) was from Chem-
icon (Temecula, CA). Mouse monoclonal anti-h-tubulin
isotype III (3D10) antibody was from SIGMA (St. Louis,
Missouri). Recombinant mouse Wnt-3a (Cat# 1324-WN),
recombinant mouse frizzled-8/Fc chimera (Cat# 112-FZ),
and recombinant human IgG1 Fc (Cat# 110-HG) were
purchased from R&D systems (Minneapolis, MN).
SB216763, an inhibitor for glycogen synthase kinase 3h,
was purchased from Biomol Research Labs Inc. (Plymouth
Meeting, PA).
Wnt-1 (/), Wnt-3a (/) homozygous mutant embryos
Generation of mice heterozygous for null alleles of Wnt-1
or Wnt-3a was described previously (McMahon and Bradley,
1990; Takada et al., 1994). Homozygous mutants were
produced by crosses between heterozygous mice carrying a
null allele of Wnt-1 or Wnt-3a and maintained by back-
crossing to C57Bl/6.
Application of Wnt-3a supernatant to the VM fragment and
primary dissociation culture
Stably transfected L cells with aWnt-3a cDNA-expressing
plasmid(pGKWnt-3a,Shibamotoetal.,1998)werecultured in
a chemicallydefinedmedia (Muroyamaet al., 2002).Negative
control conditioned medium was collected from cultured L
cells transfected with pGKneo. The flat whole-mount prepa-
ration (FWMP) andVM fragment were prepared according to
the previous method (Wada et al., 2000). The E12 caudal
hindbrain and the cervical spinal cord (C1–C4) used for the
FWMPwereoccasionally subdivided longitudinally into three
fragments. One-third of the fragment containing the ventral
midline, named the VM fragment, was cultured with theWnt-
3a supernatant or control supernatant for 3 DIV and sub-
sequently used for immunostaining. To prepare the primary
dissociatedculture, theventral regionof theE12cervical spinal
cord was dissected out and dissociated by 0.25% trypsin
(DIFCO, Detroit, MI) treatment. The cells were seeded at a
density of 0.75 105 cells/cm2 on polyethyleneimine (nacalai
tesque, Kyoto, Japan) coated slide glasses and cultured in
DMEM/F-12 (Sigma), containing 10% fetal calf serum (FCS)
for the first day. At 1 DIV, the medium was changed to
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10-fold dilutedWnt-3a supernatant or control neo supernatant
and cultured for two additional days. At 3 DIV, the cultured
cells were fixed with 4% paraformaldehyde and used for
immunostaining.
BrdU incorporation assay
The primary dissociation culture prepared from the
ventral part of E12 mouse cervical spinal cord was cultured
for 2 days in the presence or absence of Wnt-3a supernatant.
After 2 days, fresh Wnt-3a or control supernatant was re-
applied together with 10 AM BrdU (Sigma). After 6 h
incubation, the cultured cells were fixed with 4% PFA and
stained by anti-BrdU antibody.
Retrovirus infection
BMP34 cells were transiently transfected with 2 Ag of
plasmid DNA using Lipofectamine Plusi Reagent (Invi-
trogen) according to the manufacturer’s instructions. The
transfected cells were cultured in DMEM containing 10%
FCS at 37-C for 2 days and at 32-C for additional 2 days.
BMP34 cell supernatant was collected and filtered through a
0.45 Am Millipore membrane. One milliliter of the super-
natant was transferred to an Eppendorf tube and spun at
6000 g for 16 h at 4-C. The pellet containing concentrated
retrovirus was resuspended in 100 Al of Galactose Defined
Medium with 2% FCS (GDM (+); Espinosa de los Monteros
et al., 1994). CG4 cells (Louis et al., 1992) were kindly
provided by Dr. Jean de Vellis and maintained according to
the method reported by Espinosa de los Monteros et al.
(1994). Briefly, the CG4 cell line was routinely expanded in
GDM (+) that consists of DMEM/F-12 supplemented with 50
mg/l transferrin, 5 mg/l insulin, 16.1 mg/l putrescine, 8 Ag/l
selenium, 4.6 mg/l D(+)galactose, and with 2% fetal calf
serum. For the viral infection, CG4 cells were incubated with
virus containing GDM (+) medium for the first day. The
medium was changed to serum-free GDM () medium at the
next day to induce OL differentiation.
Expression of ECD8 and Dkk-1 in COS cells
COS cells were seeded at 0.5  104 cells/cm2 and tran-
siently transfected with 2 Ag of plasmid DNA by the Lipo-
fectamine Plusi Reagent (Invitrogen) according to the
manufacturer’s instructions. After 5 h, the culture medium
was changed to 1 ml of serum-free Bottenstein and Sato me-
dium (Wada et al., 2000). Forty-eight hours after transfection,
cell supernatant was collected and filtered through a 0.45 Am
Millipore membrane in order to exclude the cellular debris.
In situ hybridization
Distribution of mRNA was examined by in situ hybrid-
ization using digoxygenin (DIG)-labeled cRNA antisenseprobes. A 450-bp BamHI–HindIII fragment, corresponding
to the 5V-coding region of Wnt-1 cDNA cloned into
pBluescriptIISK+, and a 750-bp EcoRI–BglII fragment,
corresponding to the 3V-non-coding region of Wnt-3a cDNA
cloned into pGEM3zf, were used for synthesizing DIG-
labeled cRNA probe. The cRNA probe for Wnt-3 was
prepared from a 400-bp fragment corresponding to the
Wnt-3 cDNA coding region (Parr et al., 1993). The Wnt-4
cRNA probe was prepared from a 420-bp SmaI–SmaI
fragment corresponding to the coding and 3V-non-coding
region of Wnt-4 cDNA (Parr et al., 1993). Mouse embryos
were fixed with 4% paraformaldehyde for overnight at 4-C.
Cryosections of the embryonic cervical spinal cord were
prepared and subjected to in situ hybridization. For better
penetration of the probes, the samples were treated with 50
Ag/ml Proteinase K for 8 min at room temperature. The
samples were post-fixed in 4% paraformaldehyde for 15
min at room temperature. After washing with PBS, the
samples were treated with 0.1 M triethanolamine–HCl (pH
8.0) followed by the addition of acetic anhydride. The
samples were washed with PBS and prehybridized in the
hybridization buffer (50% formamide, 5 SSC (83 mM
NaCl, 83 mM sodium citrate; pH 7), 200 Ag/ml yeast RNA,
100 Ag/ml heparin, 1 Denhardt’s solution, 0.2% Tween-
20, 5 mM EDTA) for 3 h at 65-C. Hybridization was
performed with 1 Ag/ml DIG-labeled cRNA probes in the
hybridization buffer at 65-C for overnight. After washing
with pre-warmed hybridization buffer for 30 min at 65-C
twice, the samples were washed with MABT (0.1 M maleic
acid, 0.15 M NaCl, and 0.1% Tween-20; pH 7.5) for 30 min
at room temperature twice. The samples were preincubated
in the blocking solution (20% heat-inactivated sheep serum
in PBS, 0.1% Triton X-100) for 1 h and incubated with 1/
2000 diluted alkaline phosphatase conjugated anti-DIG
antibody (Roche Diagnostics Corp., Gmbh, Germany) in
the blocking solution at 4-C for overnight. After washing
with MABT for 30 min for three times, the samples were
treated with NTMT (0.1 M NaCl, 0.1 M Tris–HCl, 0.05 M
MgCl2, and 0.1% Tween-20; pH 9.5) for 10 min twice. The
color reaction was performed in 0.5 Al/ml of 100 mg/ml
NBT (Roche Diagnostics Corp., Gmbh, Germany) and 3.5
Al/ml of 50 mg/ml BCIP (Roche Diagnostics Corp., Gmbh,
Germany) in NTMT overnight.Results
Developmental profile of the dorsal inhibitory activity
We previously reported the presence of activities that
inhibit OL development secreted from the dorsal region of
the mouse spinal cord using an explant culture system of the
E12 mouse cervical spinal cord and hindbrain, named flat
whole-mount preparation (FWMP; Figs. 1A and B; Wada et
al., 2000). The bone morphogenetic protein (BMP) family
was unlikely to be the candidate for the dorsal inhibitory
Fig. 1. Developmental profile of the dorsal inhibitory activities. A summary
of our previous experiment is schematically drawn in panels (A) and (B).
FWMP (A) and the VM fragment (B) were prepared from E12 mouse
cervical spinal cord, cultured for 3 DIV, and stained with O4 antibody. The
number of O4+ OLs (dots in the magnified pictures) in the VM fragment
increased compared to that in the equivalent region of FWMP, indicating
that the dorsal spinal cord secreted some factors that inhibited O4+ cell
generation. The VM fragment prepared from the E12 mouse was placed
beside the dorsal region of another FWMP prepared from the E11 to E14
mouse (C). The E11 dorsal spinal cord potently inhibited O4+ cell
appearance in the VM fragment. The E12 dorsal spinal cord reduced the
number of O4+ cells in the proximal half of the VM fragment. No
significant activity was observed at E13 and E14. O4+ cells/field are
summarized in the graph (D). The white bars indicate O4+ cells in the
proximal half, and the black bars indicate those in the distal half of the VM
fragment.
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no effect on the number of O4+ OLs in our culture system
(Wada et al., 2000; also see Discussion). As a first step to
identify the dorsal factors, we examined a developmental
change of the inhibitory activity. The ventral explants of the
cervical spinal cord, named VM fragments (Fig. 1B), were
prepared from embryonic day 12 (E12) mice and placed
beside the dorsal region of FWMP prepared from E11, 12,
13, or 14 mice (Fig. 1C). The explants were cultured for 3
days in vitro (DIV) and stained with O4 antibody for
detecting immature OLs. The O4+ cells in the half portion of
the VM fragment proximal to the ectopic dorsal spinal cord
and that in the distal portion were separately counted. Whenthe VM fragment was cultured by itself, many O4+ OLs
appeared, as shown previously (VM only in Fig. 1D; Wada
et al., 2000). Much fewer numbers of O4+ OLs were
detected in both the proximal and distal half of the VM
fragment that was co-cultured with E11 dorsal spinal cord
(E11 in Fig. 1D), indicating that the inhibition of OL
development was strong during this period. This activity
faded out during early development. O4+ OLs only in the
proximal half were reduced by the E12 dorsal spinal cord
(E12 in Fig. 1D). Neither E13 nor E14 dorsal cord showed
any effect on the O4+ cell number (E13 and E14 in Fig. 1D).
Expression profile of Wnt-1, -3, -3a and -4 in the
spinal cord
Several humoral factors have been reported to be
expressed in the embryonic dorsal spinal cord. Their
expression profile was investigated and compared with the
developmental change of the dorsal inhibitory activity. Wnt
family proteins are secreted glycoproteins that consist of at
least 19 members in mouse. Among them, only 4 out of 19
Wnt genes, Wnt-1, -3, -3a and -4, have been reported to be
expressed in the embryonic dorsal spinal cord (McMahon et
al., 1992; Parr et al., 1993; Wilkinson et al., 1987).
Interestingly, Wnt-1 expression was reported at the midbrain
and hindbrain junction (Parr et al., 1993), where OL
progenitors are not generated (Spassky et al., 1998). Thus,
we firstly confirmed and examined the detailed expression
profiles ofWnt-1, -3, -3a and -4 in the cervical spinal cord of
embryonic mice by in situ hybridization. The Wnt-1 and -3a
expression patterns were almost identical and detected beside
the roof plate of the E11 spinal cord (Figs. 2A and E). Their
expression levels decreased by E13 (Figs. 2B, C, D, F, G, and
H). Wnt-3 expression was broadly observed near the roof
plate at E11 (Fig. 2I) and decreased by E13 (Figs. 2J, K, and
L). Wnt-1, -3, and -3a were reported to have similar binding
affinities to a class of frizzled receptors that activate the
canonical h-catenin pathway. Unlike these dorsally
expressed Wnts, Wnt-4 expression was detected in a wide
area of VZ in the dorsal spinal cord and also in the floor plate
(Fig. 2M). Because the inhibitory activity was detected only
in the dorsal spinal cord (Wada et al., 2000), Wnt-4 was
unlikely to be the dorsal factor. In addition, by contrast to the
other dorsally expressed Wnts, Wnt-4 was reported to acti-
vate the Wnt/Ca2+ signaling pathway as well as the h-catenin
pathway (Kuhl et al., 2000). In conclusion, the expression
profile ofWnt-1, -3 and -3a showed a significant correlation
with the developmental change of the dorsal inhibitory
activity, suggesting that Wnt-1, -3, and/or -3a could be
members of the dorsal inhibitory factors. Thus, the function
of Wnt signaling on OL development was further studied.
Inhibition of OL maturation by Wnt-3a
To investigate the effect of Wnt signaling on OL
development, the conditioned medium of L cells that stably
Fig. 2. Developmental expression profiles of Wnt-1, -3, -3a, and -4. Levels of each mRNAwere examined by in situ hybridization on cross sections prepared
from the E11 to E13 mouse cervical spinal cord. A high level of Wnt-1 (A) and Wnt-3a (E) mRNA expression was detected near the roofplate at E11 (A, E).
The expression patterns of Wnt-1 and -3a were almost identical (A–D, E–H), and their level was reduced by E13 (B–D, F–H). Wnt-3 expression was
observed near the roofplate (I) and decreased by E13 (J–L).Wnt-4 was expressed not only in the broad dorsal region of VZ, but also in the floorplate (M). The
expression in the floorplate remained until E13; however, that in the dorsal region gradually decreased (M–O). Scale bars: in panel (A), 100 Am for panels (A),
(E), (I), (M), (N), and (O); in panel (B), 100 Am for panels (B–D), (F–H), and (J–L).
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the VM fragment culture. We also prepared the conditioned
medium of L cells that stably expressed the neo gene as a
control. The number of O4+ cells was remarkably decreased
by the addition of Wnt-3a supernatant compared to the
control (Figs. 3A and B), suggesting that Wnt-3a inhibited
OL development as one of the dorsal inhibitory factors.
Notably, the distribution of O4+ OLs was restricted near the
ventral midline of the VM fragment that was exposed to the
Wnt-3a supernatant (Figs. 3B and E). We first suspected
inhibition of OL progenitor cell migration by Wnt-3a;
however, the number and distribution of PDGFRa+ OL
progenitors were not affected (Figs. 3C and D; Table 1).Shh, which is expressed in the floorplate and known to
specify the OL lineage cells, might dominantly promote OL
development in the most ventral area. Alternatively, the
timing of Wnt-3a addition might have been early enough to
inhibit dorsal OL development, but too late for ventral OL
development, since the ventral OLs develop earlier than the
dorsal ones.
For the detailed analysis, we prepared a primary
dissociation culture of ventral cervical spinal cord from
E12 mice. Wnt-3a supernatant was applied at 1 DIV, and its
effect was analyzed at 3 DIV. Similar to the results obtained
from the VM fragment assay, the number of O4+ OLs was
decreased by Wnt-3a (Fig. 4C compare to D; Fig. 4I),
Fig. 3. Decrease in the number of O4+ OLs in the VM fragment by the
Wnt-3a supernatant. While many O4+ cells were observed in the VM
fragment cultured with the control conditioned media of L cells that express
the neo resistant gene (A), a reduced number of O4+ cells was observed in
the VM fragment cultured with the conditioned media of L cells that stably
expressedWnt-3a cDNA (B). The reduction of O4+ cells was remarkable in
the peripheral region of the VM fragment (see also panel E). The number
and distribution of pdgfra expressing cells detected by in situ hybridization
did not change by Wnt-3a supernatant addition (D) compared to the control
(C). The small insets in panels C and D are the magnified views. Because
panels A and B showed different distribution patterns of O4+ cells, the VM
fragments were longitudinally subdivided at intervals of 100 Am, and the
number of O4+ cells in each area was counted (E). The decrease in the
number of O4+ cells by the Wnt-3a supernatant was remarkable in the
peripheral region, but it was less obvious near the floorplate. Scale bars:
200 Am for panels (A–D); 50 Am for the insets in panels (C) and (D).
Table 1
Effect of Wnt-3a on cell numbers in the explant culture of the VM fragment
Cell
markers
Wnt-3a
supernatant
Control
supernatant
OL lineage
cells
PDGFRa 198.7 T 8.3 210.9 T 15.4
O4 47.6 T 2.5 110.6 T 4.1
O1 19.0 T 5.2 30.3 T 2.4
Other cell
lineages
Musashi 52.1 T 6.2% 46.7 T 2.1%
PCNA 42.8 T 4.0% 46.1 T 3.5%
hIII-tubulin 8.2 T 2.0% 5.9 T 1.5%
GFAP 38.6 T 4.2% 16.0 T 0.4%
The number of cells positive for OL markers/explant was counted after a 3-
day treatment with Wnt-3a or control supernatants. For the quantification of
other lineage cells, the VM fragment was acutely dissociated and
immunostained for cell-specific markers according to the method described
previously (Wada et al., 2000). The ratio of cells positive for each markers/
total cells was calculated.
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not affected (Fig. 4A, compare to B; Fig. 4I). O1 antigen is
expressed only in the mature OLs, whereas O4 antigen is
expressed both in immature and mature OLs. Wnt-3a also
reduced the O1+ cell number (data not shown). We assessedwhether Wnt-3a promotes the proliferation of OL progen-
itors by BrdU incorporation assay, because Wnts act as a
mitogen for various cells, including neural progenitors
(Chenn and Walsh, 2002; Megason and McMahon, 2002).
However, BrdU+/PDGFRa+ OL progenitors were not
increased by Wnt-3a supernatant, even though BrdU+/
Nestin+ neural progenitors were slightly increased (Fig.
4J). Reductions of O4+ and O1+ cell number were not due to
an increase in cell death of OLs or their progenitors. Wnt-3a
did not elevate the number of cells double-stained with O4
and trypan blue, which visualizes dead cells. In addition,
Wnt-3a did not affect the survival of PDGFRa+ cells,
because neither active-caspase3+ nor TUNEL+ cells were
increased by Wnt-3a in the populations of PDGFRa+ or
total cells (data not shown). These results suggest that
Wnt-3a more likely inhibits a developmental step from
PDGFRa+ OL progenitors to O4+ immature OLs.
The effect of Wnt-3a on other lineage cells was examined
in the VM fragment and the primary dissociation culture. As
shown in Table 1, Wnt-3a remarkably increased GFAP+
astrocytes and had a little effect on the numbers of Musashi+
neural progenitors (Sakakibara and Okano, 1997) or
hIII-tubulin+ neurons in the VM fragment culture. Similarly,
Wnt-3a increased GFAP+ astrocytes (Fig. 4E compare to F;
and Fig. 4I) and had a little effect on the numbers of Nestin+
neural progenitors (Figs. 4G, H, and I) or MAP2+ neurons
(data not shown) in the primary dissociation culture.
Verification of the Wnt-3a activity in the supernatant by Wnt
antagonists
Since we used unpurified conditioned media of L cells
that express Wnt-3a, some other components in the super-
natant rather than Wnt-3a could have disturbed OL
development. To verify that Wnt-3a activity in the
conditioned medium is responsible for the inhibitory effect,
Wnt-3a antagonists were applied to the primary culture
together with the Wnt-3a supernatant. ECD8 consists of an
extracellular domain of a Xenopus Wnt receptor frizzled-8
Fig. 4. Decrease in the number of O4+ OLs by Wnt-3a in the primary dissociation culture. Wnt-3a supernatant was applied to the primary dissociation culture
prepared from the ventral part of the E12 mouse cervical spinal cord and cultured for 2 days (A, C, E, G). As a negative control, the same volume of L cell
supernatant that stably express the neo gene was applied (B, D, F, H). The control L cell supernatant (cont.CM in panel I) and the basal Bottenstein and Sato
medium (BS only in panel I) showed no effect. The cultured cells were immunostained with cell-specific antibodies: anti-PDGFRa antibody for OL precursors
(A, B), O4 antibody for OLs (C, D), anti-GFAP antibody for astrocytes (E, F), and anti-nestin antibody for neural precursors (G, H). A small inset in each panel
shows the PI staining of each field. The ratio of cells positive for each marker/total cells was calculated (I; n = 6; Student’s t test compared to control: *P <
0.05, **P < 0.01, ***P < 0.001). For BrdU incorporation assay, the cells prepared from E12 ventral spinal cord was incubated with Wnt-3a or control
supernatant for 2 days. The cells were treated with 10 AM BrdU (Sigma) for 6 h and stained by anti-BrdU antibody. The ratios of BrdU+ cells/PDGFRa+ cells
and BrdU+ cells/Nestin+ cells were calculated (J; n = 3). Scale bar: 100 Am.
T. Shimizu et al. / Developmental Biology 282 (2005) 397–410 403and traps Wnt ligands (Itoh and Sokol, 1999). Dickkopf-1
(Dkk-1) can directly bind to the low-density lipoprotein
receptor related protein 6 (LRP6), which is another Wnt
receptor unit, and inhibits canonical Wnt signaling (Bafico
et al., 2001; Glinka et al., 1998; Mao et al., 2001; Pinson et
al., 2000; Tamai et al., 2000). As shown in Figs. 5E and F,Wnt-3a supernatant decreased the number of O4+ OLs in the
primary culture to one-third. The conditioned media of COS
cells that express ECD8 cDNA rescued the number of O4+
OLs from Wnt-3a suppression (Figs. 5A to B; Fig. 5E).
Similarly, the conditioned media of COS cells that express
Dkk-1 cDNA rescued the number of O4+ OLs from Wnt-3a
T. Shimizu et al. / Developmental Biology 282 (2005) 397–410404
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mature OLs was rescued by both ECD8 and Dkk-1 as well
(data not shown). These results confirmed that the Wnt-3a
protein itself in the L cell supernatant inhibited OL
development. To further ensure the involvement of Wnt
protein on OL development, purified recombinant mouse
Wnt-3a (rmWnt-3a) was applied to the primary dissociation
culture of ventral cervical spinal cord prepared from E12
mice. Similar to the results obtained by the Wnt-3a
supernatant, the number of O4+ OLs was decreased by
rmWnt-3a in a dose-dependent manner (Fig. 5H compare to
5G; Fig. 5I), though the number of the PDGFRa+ OL
progenitors was not affected (Fig. 5I). Recombinant mouse
Frizzled-8/Fc chimera protein (rmFz-8/Fc) is a potent
soluble Wnt antagonist that is derived from the DNA
sequence encoding amino acid residues 1–173 of the
extracellular cysteine-rich domain of mouse Frizzled-8 and
the human IgG Fc region (Hsieh et al., 1999). RmFz-8/Fc
recovered the number of O4+ OLs from the reduction by
rmWnt-3a (Fig. 5I), demonstrating that Wnt-3a protein itself
decreased the O4+ OL number.
Direct action of Wnt-3a on the OL lineage cells
Since we assayed Wnt-3a activity in the explant and
primary culture systems, many cell types other than OLs are
present. It was yet unclear whether Wnt-3a directly acted on
OL lineage cells or Wnt-3a predominantly acted on other
cells to secrete secondary factors that influenced OL
development. To answer this question, we used a pure OL
progenitor cell line, CG4 (Espinosa de los Monteros et al.,
1994; Louis et al., 1992), which can be induced to become
O4+ OLs by serum starvation for 2 days (Espinosa de los
Monteros et al., 1994). When CG4 cells were exposed to the
Wnt-3a supernatant during serum starvation, the number of
O4+ CG4 cells remarkably decreased (red in Fig. 6B
compared to that in A; Fig. 6C). This result suggests that
Wnt-3a can directly act on OL progenitor cells and that OL
progenitor cells have a potential to transduce Wnt signaling.
Wnt-1 and -3a are known to activate a canonical h-catenin
pathway. In the absence of Wnt signaling, glycogen synthase
kinase 3h (gsk3h) phosphorylates h-catenin and induces an
ubiquitin-dependent h-catenin degradation. Wnt-1 and -3aFig. 5. Specific inhibition of Wnt-3a function in the L cell supernatant by ECD
decreased by the addition of Wnt-3a supernatant. However, the presence of many
whether the observed effect is directly caused by Wnt-3a. To verify that it is truly
were treated with Wnt-3a supernatant together with the conditioned media of COS
(v/v) of ECD8 (B) or Dkk-1 (D) supernatant in a serum-free Bottenstein and Sato
Results are also shown in graphic form (E, F). Only a partial recovery in the appea
expression level of Wnt antagonists produced by transiently transfected COS cell
slightly decreased the O4+ OL number (E, F) presumably due to the addition of
consumed by COS cells during their culture. The ratio of the O4+ OLs/total cells
each field. (G– I) To further confirm the function of Wnt-3a protein, the primary c
number of O4+ OLs was decreased by the addition of rmWnt-3a (H) compared to
each field. The ratio of cells positive for each marker/total cells was calculated in p
RmFz-8/Fc recovered the number of O4+ OLs from the suppressive effect of rmWn
rmWnt-3a or rmFz-8/Fc (I). Scale bar: 100 Am.initiate signaling by binding to their receptors, Frizzled,
which in turn lead to a reduction in the gsk3h activity. The
downregulation of gsk3h activity results in an accumulation
of h-catenin in the cytoplasm because of its reduced
degradation. The stabilized h-catenin translocates into the
nucleus, forms a complex with LEF/TCF transcription
factors, and activates their target gene expression, such as
c-myc and cyclin D1 (He et al., 1998; Galceran et al., 1999;
Tetsu andMcCormick, 1999). In theory, the misexpression of
a constitutively activated h-catenin/Lef-1 complex could
substitute for Wnt-3a signaling activation. LEFdN-hCTA
that was derived from h-catenin amino acids 695–781 fused
to the C-terminus of a truncated form of LEF-1 was
demonstrated to activate a TOPFLASH reporter (Korinek et
al., 1997) and induce an ectopic dorsoanterior axis and
siamois gene expression in Xenopus embryos (Vleminckx et
al., 1999). The LEFdN-hCTA fusion DNAwas inserted into
the retroviral vector that carried ires-EGFP for identifying the
infected cells by EGFP expression. Half of the CG4 cells that
were infected by the control GFP virus became O4+
oligodendroglial cells by serum starvation (Figs. 6D, F),
whereas the h-catenin/Lef-1 virus reduced the number of O4+
cells to one fourth of the total infected cell number (Figs. 6E,
F). To further ensure the dependence of a canonical h-catenin
pathway, SB216763, which is a specific inhibitor for gsk3h
(Cross et al., 2001; Fishman et al., 2004), was applied to the
primary dissociation culture of ventral cervical spinal cord
from E12 mice. SB216763 at the concentration of 100 and
500 nM decreased O4+ OLs, whereas DMSO that was the
solvent of SB216763 had no effect on the number of O4+ cells
(Figs. 6G, H, and I). Similar to the result obtained by theWnt-
3a supernatant, the number of PDGFRa+ OL progenitors was
not affected even by high concentrations of SB216763 (Figs.
6J, K, and L). These data confirmed that OL development
was directly controlled by the Wnt signaling through canon-
ical h-catenin pathway.
Contribution of endogenous Wnts in OL development
To investigate whether endogenous Wnt proteins play an
important role in OL development, we analyzed Wnt-1 and
-3a knockout mice (McMahon and Bradley, 1990; Takada et
al., 1994). Since both Wnt-1 and -3a mutants die before the8 and Dkk-1. As shown in previous figures, the number of O4+ OLs was
proteins other than Wnt-3a in the unpurified supernatant made it uncertain
caused by the Wnt-3a protein in the supernatant, the primary cultured cells
cells that transiently expressed ECD8 or Dkk-1 (B, D). The presence of 40%
medium recovered the O4+ OL numbers that had been reduced by Wnt-3a.
rance of O4+ OLs was observed by ECD8 and Dkk-1 probably because the
s was insufficient for a full rescue. The control COS cell supernatant itself
40% (v/v) of COS cell conditioned media, from which nutrition had been
was calculated (n = 5). A small inset in each panel shows the PI staining of
ultured cells were treated with recombinant mouse Wnt-3a (rmWnt-3a). The
the control (G). A small inset in each panel shows the Hoechst staining of
anel I (n = 4; Student’s t test compared to control: *P < 0.01, **P < 0.001).
t-3a (I). The number of PDGFRa+ OL precursors was not changed by either
Fig. 6. Direct inhibition of OL differentiation by activating the canonical Wnt/h-catenin pathway in CG4 cells. (A–C) CG4 cells were cultured in GDM (+2%
FCS) with Wnt-3a (B) or control supernatant (A) for the first 24 h. When the medium was changed to GDM (-FCS) at 1 DIV to induce OL differentiation,
Wnt-3a (B) or control supernatant (A) was freshly applied. At 3 DIV, these cells were immunostained with O4 antibody in red and anti-GFAP antibody in
green. There were many O4+ cells that appeared in the control culture (A), whereas few O4+ cells were observed in the culture treated with Wnt-3a supernatant
(B). Conversely, the number of GFAP+ CG4 cells was slightly increased by the Wnt3a supernatant (green in panel B compared to that in panel A). The cells
were counterstained by DAPI (blue) for visualization of all nuclei. The results are represented in a graph (C; n = 7). Scale bar: 50 Am. (D–F) OL differentiation
of CG4 cells was inhibited by expression of constitutively active Lef-1/h-catenin. CG4 cells were infected by retroviruses that carried egfp (D) or egfp and a
constitutive active form of lef-1/b-catenin (E). The infected CG4 cells were induced to differentiate into OLs by serum starvation. After 42 h in vitro, the cells
were immunostained with O4 antibody (red). The viral infected cells were visualized by EGFP expression (green). In a control experiment, half of the number
of CG4 cells that were infected by the EGFP virus became O4+ OLs (yellow in panel D). In contrast, only one fourth of the cells that were infected by the Lef-
1/h-catenin virus expressed the O4 antigen (E). The results are shown in a graph (F; n = 12; Student’s t test compared to control: *P < 0.001). (G–L)
SB216763, a specific inhibitor for gsk3h, was applied to the primary dissociation culture prepared from the ventral part of the E12 mouse cervical spinal cord
and cultured for 2 days. As a negative control, DMSO was applied (G, J). The cells were immunostained with cell-specific antibodies: O4 antibody for OLs
(G, H) and anti-PDGFRa antibody for OL precursors (J, K). The number of O4+ OLs was decreased by the addition of SB216763 (H), whereas that of
PDGFRa+ OL precursors was unchanged (K). A small inset in each panel shows the Hoechst staining of each field. The ratio of cells positive for each marker/
total cells was calculated in panels I and L (n = 4; Student’s t test compared to control: *P < 0.001). Scale bar: 100 Am.
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cervical spinal cord from E12 mutants and cultured for 3
DIV. We did not find any defect in the appearance of O4+
OLs in either Wnt-1 (/) or Wnt-3a (/) mice (data not
shown). OL development could not be studied in the Wnt-3mutants because the conventional knockout mice die before
the primitive streak formation. Since Wnt-1, -3 and, -3a
were proposed to share common receptors and showed
similar expression profiles in the dorsal spinal cord, func-
tional defects in eitherWnt-1 or -3a may be compensated by
Fig. 7. Inhibition of OL development by endogenous Wnts. (A–C) Wnt
antagonist, rmFz-8/Fc, increased the number of O4+ cells in the FWMP
prepared from E12 mouse cervical spinal cord compared to the control
rhIgG/Fc. The increase in the number of O4+ cells by rmFz-8/Fc was
apparent in the rostral spinal cord (B), where few O4+ cells were normally
observed at this age (A). The O4+ cells in the boxed areas of the drawings
are shown in the photographs. O4+ cells/field (2  105 Am2) in the areas of
the caudal cervical spinal cord (a in the drawing) and rostral cervical spinal
cord (b in the drawing) were counted and represented in panel C.
Recombinant human IgG/Fc and rmFz-8/Fc at concentrations of 0.2, 1.0,
and 5.0 Ag/ml were added to the FWMP as indicated under the graph
(n = 8; Student’s t test compared to control: *P < 0.05). Scale bar: 200 Am.
T. Shimizu et al. / Developmental Biology 282 (2005) 397–410 407one another. The exploration of physiologic functions of
Wnt proteins on OL development has been hampered by
functional redundancy and the necessity for conditional
inactivation strategies.
RmFz-8/Fc is a potent soluble Wnt antagonist. A canon-
ical Wnt/h-catenin pathway is specifically inhibited by
rmFz-8/Fc (Hsieh et al., 1999). One or 5 Ag/ml of rmFz-8/
Fc increased O4+ OLs in the FWMP (Figs. 7B and C). Lower
concentrations of rmFz-8/Fc at 40 (data not shown) or 200
ng/ml showed no effect (Figs. 7B and C). Neither the human
IgG/Fc recombinant protein nor 1 Ag/ml BSA affected OL
development (Figs. 7A and C; data not shown). These results
indicated that endogenous Wnt proteins activate a canonical
Wnt pathway and control the timing of OL development.Discussion
Inhibition of OL maturation by dorsally expressed Wnts
We previously reported that the dorsal spinal cord
secreted some factors that inhibited multiple steps of OL
development (Wada et al., 2000). A series of experiments inthis study clarified that the dorsally expressed Wnts are the
components of the dorsal activities and directly prevent a
developmental step from PDGFRa+ progenitors to O4+
OLs. OL progenitors are highly mitotic and motile, while
differentiated OLs are postmitotic and less motile, raising
the idea that Wnt signaling is also contributing to the
uniform distribution of OLs in the spinal cord by controlling
the timing of OL development and changing their motility.
A Wnt antagonist, rmFz-8/Fc, increased the number of
O4+ OLs in the FWMP (Fig. 7), confirming that Wnt
signaling is at least a part of the dorsal inhibitory activities
on OL development. As we previously reported, the O4+
cells were first detected in the ventral spinal cord along the
ventral midline on E12 and subsequently dispersed to a
dorsal and lateral location on E14 (Wada et al., 2000). Thus,
the appearance of O4+ OLs in the dorsal region was well-
synchronized with the disappearance of the dorsal Wnt
expression, supporting the idea that endogenous Wnts
control the O4+ OL number in the spinal cord during this
early period. Recombinant mouse Fz-8/Fc may also bind
other Wnt family members that are expressed in the ventral
or intermediate regions of the spinal cord, such as Wnt-7a
and -7b; however, they must have less significance on OL
development, because the inhibitory activity was detected
only from the dorsal spinal cord but not from the
intermediate or ventral cords (Wada et al., 2000). It is
possible that the failure to detect inhibitory activity in the
ventral cord was not because of the absence of Wnt ligands
but because of the presence of Wnt inhibitors such as sFRP
in the ventral cord (Leimeister et al., 1998; Terry et al.,
2000). If so, Wnt-7 and/or the other Wnt family members
may also contribute to OL development. This possibility
could not be excluded from this study.
Wnt/b-catenin pathway in OL lineage cells
At least three independent pathways of Wnt signaling
have been reported: a canonical Wnt/h-catenin pathway, a
planar cell polarity pathway (PCP), and a Wnt/Ca2+ pathway
(Kuhl et al., 2000). Wnt-3a is known to predominantly
stimulate a canonical pathway. Indeed, misexpression of the
constitutively activated Lef-1/h-catenin complex, a compo-
nent of the canonical pathway, mimicked the inhibitory action
of theWnt-3a supernatant on OL differentiation in CG4 cells.
In addition, inhibition of gsk3h activity by SB216763, which
is a downstream event in the canonical pathway, decreased
O4+ OLs in the primary dissociation culture. Dkk-1 is
predicted to interfere with the canonical Wnt/h-catenin
pathway, but not with the PCP pathway (Wehrli et al.,
2000). Dkk-1 antagonized the function of the Wnt-3a
supernatant in the primary dissociation culture. These results
suggested that Wnt-3a stimulated the canonical Wnt pathway
in OL lineage cells. Although the Lef-1/h-catenin complex is
known to induce expression of various genes in cancer cells,
such as c-myc and cyclin D1 (He et al., 1998; Tetsu and
McCormick, 1999), the downstream targets in the OL lineage
T. Shimizu et al. / Developmental Biology 282 (2005) 397–410408cells are currently unknown. Further studies on the target
gene identification are required for understanding the
mechanism that leads to inhibition of OL development.
Other factors that inhibit OL lineage specification and
differentiation
This study indicated that the dorsally expressed Wnts are
the components of dorsal activities that we previously found
to inhibit OL development. Although Wnt-3a inhibited only
a developmental step of OL from OL progenitor to
immature OL, the dorsal spinal cord prevented multiple
steps of OL development (Wada et al., 2000). For instance,
the dorsal spinal cord, but not Wnt-3a, decreased pdgfra
expressing OL progenitors in the VM fragment. When
rmFz-8/Fc was applied onto the FWMP, we did not detect a
significant increase in the number of O4+ cells in the dorsal
spinal cord. These results suggest that dorsal inhibitory
factors other than Wnts still exist. BMPs have always been
the candidates; however, BMPs or BMP antagonist showed
no effect on the number of O4+ OLs in our mouse FWMP
culture system (Wada et al., 2000). To our surprise, Mekki-
Dauriac et al. (2002) recently demonstrated that BMPs
expressed in the chick dorsal spinal cord down-regulated
Olig2 expression, negatively controlled OL progenitors
specification, and subsequently decreased the number of
O4+ cells. This discrepancy between their and our results
may be related to differences in the timing of the experiment
and/or the culture system. Inhibition of OL development by
BMP was optimal when they started the chick spinal cord
explant culture before E6, which would correspond to E12
in the mouse. Our mouse FWMP was prepared at E12, when
OL lineage cells had already been specified in terms of
Olig2. The interpretation of results may also be confused by
the different timing of O4 immunoreactivity appearance in
chick and mouse: O4 antigen in the chick can be detected
from a very early stage even when the cells are in the
ventricular zone, and its expression is retained throughout
development, whereas in rodents, O4 antigen is expressed
only by OLs during the later stages of development.
There are some clues to identify unknown dorsal factors.
The Dreher mutant mouse was reported to exhibit a failure of
roofplate formation (Millonig et al., 2000). Interestingly, the
number of O4+OLs was not affected in the mutant spinal cord
(T.W., T.K. and K.I., unpublished result). Thus, any factors
that are restrictedly expressed within the roofplate can be
eliminated as candidates. Incidentally, Wnt-1 and -3a
expression, which is normally observed beside the roofplate,
was still persistent at the dorsal edge of the Dreher mutant
spinal cord (T.W., T.K. and K.I., unpublished result).
What is the role of Wnt signaling on OL development
in vivo?
The ventral neuroepithelial cells that generate OL
progenitors localize far from the area expressing the dorsalWnts and should be exposed to a low concentration of Wnts
(Megason and McMahon, 2002). Hence, Wnt signaling may
merely control the timing of OL maturation in the dorsal
area. The mature OLs are less motile than their progenitors,
leading to the idea that the dorsally expressed Wnts
maintain the migratory potency of OL progenitors by
inhibiting their differentiation and supporting the dorsal
distribution of OLs from the ventral foci. Two recent papers
provided evidence for a second dorsal origin of OL
precursors in the spinal cord (Cai et al., 2005; Vallstedt et
al., 2005). Although our current study examined the effect
of Wnts on the differentiation of ventral-derived OLs, Wnt
signaling may also contribute to the late second wave of
oligodendrogenesis in the dorsal spinal cord. This subject is
interesting to analyze.
In conclusion, we identified Wnt proteins as the dorsal
factors that directly prevent a step of OL development from
progenitor to immature OL cells. These results suggest that
the timing of OL maturation is controlled by Wnt signaling
and raise the question of whether the uniform distribution of
OLs in the spinal cord is controlled by this pathway.Acknowledgments
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